Abstract. Tobermorite was synthesized successfully from the ash, which was produced and detoxified from asbesto-containing disaster waste in great east Japan earth quake, by alkali hydrothermal treatment. Tobermorite synthesis was examined as a function of reaction temperature and NaOH concentration. The formation of tobermorite was identified in the product treated with 1-4 M NaOH solution at 130 and 180 o C, while no product phases was identified at 80 o C. With increasing reaction temperature, intensity of tobermorite phase in the product and Cs + removal ability of the product increase. The product, which was treated with 4 M NaOH at 180 o C for 20 h, revealed the high selective uptake for Cs + in saline water. The Cs + uptake of the product was extrapolated using Langmuir and Freundlich isotherm models, experimental data are found to fit Langmuir than Freundlich, and the calculated uptake amount was 0.51 mmol/g. The kinetics for Cs + uptake was tested for pseudo-second order reactions, and the rate constants of uptake were calculated. With increasing temperature of aqueous solution, the kinetics of uptake is almost same and the uptake amount of Cs + decreases. The product is expected to be used for Cs + removal from wastewater.
Introduction
Due to their excellent thermal insulation properties, asbestos materials have long been used in a wide variety of industrial processes. However, such materials have been considered a general health hazard since the 1960s [1] [2] [3] , and as a result, their use has substantially decreased in recent years. Nevertheless, challenges remain in the disposal of asbestos-contaminated waste materials, presenting a serious industrial and social concern. Mechanical milling [4, 5] , plasma [6] , fusion [7] and various other treatments [8] [9] [10] have been used to transform asbestos-contaminated materials into nonhazardous wastes. Anastasiadou et al. converted chrysotile asbestos into non-fibrous, nonhazardous materials such as forsterite using hydrothermal treatments at 300 -700 oC and 1.75 -5.80 MPa [4] . Colangelo et al. studied high-energy milling of asbestos-containing wastes and recycling of the asbestos-free powders obtained. They found that the powders obtained through high-energy milling of asbestos-cement waste were asbestos-free and could be profitably recycled in building materials [5] . Inaba et al. employed thermal plasma as a heating source to reduce the volume of fly ash with asbestos fibers [6] . Kodera et al. converted the mixture of asbestos waste and plastics waste into nonhazardous fused material using gasification [7] . These treatments methods have advantages as economically viable and safe commercial applications.
However, when major disasters strike urban areas, rapid detoxification technologies are needed to manage the resulting debris, particularly in countries with strict regulations governing the disposal of asbestos and other toxic waste materials. In such situations (e.g., the Great East Japan Earthquake of 11 March 2011), many older buildings destroyed in disasters may contain significant amounts of asbestoscontaminated cement tiles. To rapidly and efficiently detoxify such contaminated materials and return the affected areas to sustainable use while simultaneously adhering to applicable laws and regulations regarding toxic waste disposal, technologies capable of covering large amounts of asbestos-contaminated debris into nontoxic waste materials are urgently needed [11, 12] . However, this debris is the mixture of asbestos waste, woody waste, plastics waste, metal waste and so on. It is difficult to separate the asbestos from the mixture, except the separation of metal waste by gravimetric and magnetic methods. In this situation, we succeeded to convert the mixture of asbestos, woody waste and plastics into nonhazardous ash using gasification process [7] . It is expected as rapid detoxification technologies in the area affected by disaster, but the nonhazardous ash is discharged as wastes to dispose in landfill sites.
On the other hands, the principal long-term problem caused by nuclear accident is the contamination of the environment with radioactive 137 Cs, because cesium is very volatile and can be carried long distances [13] . Decontamination of the environment, humans, and animals is possible with the use of cesiumselective materials either by dispersion, for example, in water or soil, or by ingestion by humans and animals [13] . Different methods such as ion exchange, precipitation, solidification, and stabilization can be applied for remediation or treatment of soil and groundwater contaminated by Cs [14] . Among them, ion exchange using different materials is the most studied [14] . Much attention has been focused toward the uptake of Cs + on zeolites [15] [16] [17] [18] , clay minerals [13, 14, [19] [20] [21] [22] , and other adsorbents [23] [24] [25] [26] [27] .
Tobermorite [Ca5Si6(OH)2O6‧4H2O] is the most important compound in various hydrous calcium silicates and can act as a cation exchanger, in particular shows high selectivity for Cs + . Tobermorite may thereby have myriad applications in catalysis, nuclear and hazardous waste disposal, and waste-water treatment [28, 29] . Considerable effort has been made in the synthesis of tobermorite from waste as such. Tobermorite has been synthesized from some ashes, such as rice husk ash [30] , oil shale ash [31, 32] , paper sludge ash [33, 34] , coal fly ash [35] , incinerated municipal waste fly ash [36] and blast furnace slag [37] . The material has been used as a cation exchanger in the decontamination of radioactive species from low-level nuclear wastes and for heat insulating and fire-resistant building materials [38, 39] .
From these backgrounds, in this study, we attempted to synthesize tobermorite from the ash after gasification treatment of asbesto-containing disaster waste, and its removal ability of Cs(I) from aqueous solution was estimated to apply for treatment of the environmental contamination with radioactive Cs caused by nuclear accident.
Experimental

Raw Materials
Raw ash used in this study was collected from the practical test plant for treatment of asbesto-containing disaster waste [7] . The chemical composition of the ash is listed in Table 1 . The ash contains ignition loss (LOI) (6.0 %), mainly originated from unburned carbon, according to the results of differential thermal analysis (DTA) / thermogravimetry (TG) (TG8120, Rigaku, Japan), and predominantly CaO (36.2 %), SiO2 (33.1 %), Na2O (12.8 %) and Al2O3 (7.4 %), determined by X-ray fluorescence (XRF) (Primini, Rigaku, Japan). 
Synthesis
The ash (2.5 g) were added to 0 -4 M NaOH solutions (10 mL) in 50 mL pressure vessels. These vessels were heated and maintained at 80, 130 and 180°C for 20 h in an electric furnace. After heating, the vessel was quenched with tap water and the solid product was filtered, washed with distilled water and dried in a drying oven at 60°C overnight. Phase identification of the raw material and products was carried out using an X-ray powder diffractometer (XRD; RIGAKU, Ultima IV), morphological information was obtained from the scanning electron microscope (SEM; TOPCOM, SM-200M).
The Cs adsorption capacity of the products obtained was measured as follows. Each synthesized product (0.1 g) was added to 20 mL of 1 mM CsCl solution in a 50 mL polypropylene centrifuge tube, and the tube was shaken using a reciprocal shaker for 2 hours. After shaking, the aqueous phase was separated from the solid by centrifugation, the supernatant pH measured using a pH meter (HORIBA, D-53) and the concentration of Cs + in the supernatant determined using an atomic absorption spectrophotometers (AAS; Perkinelmer, AAnalyst 200). The amount of adsorbed Cs + on the product, qe, was calculated from the decrease in Cs + concentration in the medium by considering the adsorption volume and amount of product used:
Here, qe (mmol/g) is the amount of Cs + adsorbed onto the product unit mass at equilibrium; C0 and Ce are the Cs + concentrations in the initial solution and aqueous phase after treatment for a certain adsorption time, respectively (mM); m is the mass of product used and V is the Cs solution volume (L).
Adsorption studies
The effect of initial Cs + concentration on product adsorption capacity was determined using solutions of concentration ranging from 1 to 10 mM. Again, 0.1 g of product was added to 20 mL Cs + solution in the tube at room temperature and the tube was shaken for 3 h. After shaking, the aqueous phase was separated from the solid by centrifugation, the Cs + supernatant concentration determined by AAS, qe was determined.
To determine the adsorption rate of Cs + from aqueous solution, 1 g of product was added to 200 mL of a 2.5 mM CsCl solution and stirred using a magnetic stirrer at 25, 35 and 45°C. While stirring, 2 mL aliquots were removed from the solution and the Cs + concentration in the filtrate determined by AAS to calculate qe.
Selectivity of Cs + removal in salty solution was determined using diluted seawater. Seawater was diluted to 0 -1000 times, and then CsCl powder was added to adjust 0.25 mM CsCl concentration. The product (0.1 g) was added to 20 mL of these solutions in a 50 mL polypropylene centrifuge tube, and the tube was shaken using a reciprocal shaker for 3 hours. After shaking, the aqueous phase was separated from the solid by centrifugation, the supernatant pH measured using a pH meter and the concentration of Cs + in the supernatant determined using an AAS. The Cs + removal using the product, R, was calculated as follows:
It is noted that pH of the solution after shaking is approximately 9.
Results and Discussion
Tobermorite Synthesis
The product phases synthesized from the ash under various experimental conditions are shown in Table 2 . The tobermorite phase [Ca5Si6(OH)2O16‧4H2O] can be synthesized from the ash above 130°C, while no product phases can be obtained at 80°C. 4  None  130  1  Tobermorite  2  Tobermorite  3  Tobermorite  4  Tobermorite  180  1  Tobermorite  2  Tobermorite  3  Tobermorite  4 Tobermorite XRD spectra of the raw ash and typical synthesis products, which was synthesized in 4 M NaOH at 180 o C, are shown in Figure 1 Fig. 1(a) ). The tobermorite phases appear as new peaks in the product, while those of quartz and other mineral phases in the ash diminished. It is believed that quartz and other mineral phases in the ash dissolve in the alkali solution to crystallize tobermorite phases under the hydrothermal conditions. The X-ray diffraction intensities of tobermorite in the product at given diffraction faces (0 0 2) are shown in Fig. 3 . With increasing the reaction temperature, intensity of tobermorite in the product increases. In this experiment, the product with the highest intensity of tobermorite is obtained in 4 M NaOH solution at 180 o C. The Cs adsorption ability of products synthesized from the ash under various experimental conditions is shown in Figure 4 . Cs adsorption ability increased with increasing reaction temperature, while that is almost constant regardless of NaOH concentration. The product with high Cs adsorption ability was obtained at 180°C, due to the presence of tobermorite phases in the product. 
Cs(I) Adsorption
The properties of Cs + adsorption for the product synthesized in 4 M NaOH solution at 180 o C were examined. The isotherm for Cs + adsorption using the product is shown in Figure 5 . With increasing the equilibrium concentration, the adsorption for Cs + in the product steeply increases, and then gradually increases. These results indicate that energetically less favorable sites become involved with increasing Cs + concentration in the aqueous solution. The equilibrium distribution of Cs + between the adsorbent and the solution is important in determining the maximum sorption capacity. Several isotherm models are available to describe the equilibrium sorption distribution where two models are used to fit the experimental data: the Langmuir and Freundlich models.
The linear form of the Langmuir model is given by:
where qmax (mmol/g) and KL (L/mmol) are Langmuir constants related to the maximum adsorption capacity corresponding to complete coverage of the available adsorption sites and a measure of adsorption energy (equilibrium adsorption constant), respectively. These constants are found from the slope and intercept of the linear plot of Ce/qe vs. Ce so that qmax = 1/slope and KL = slope/intercept.
The linear form of the Freundlich model is also given by:
where KF and n are Freundlich constants determined from the slope and intercept of the plot of ln(qe) vs. ln(Ce).
The Langmuir and Freundlich isotherm models were applied to the experimental data as presented in Figure 5 and parameters calculated by each isotherm model are shown in Table 3 . Our experimental results provide a correlation regression coefficient (R 2 ) as a measure of the goodness-of-fit. The Langmuir model fits the data better than the Freundlich model as the former has a higher correlation regression coefficient. qmax, as calculated from the Langmuir isotherm model, is 0.51 mmol/g. The cation exchange capacities (CECs) for the product are located at the lower end of the CEC range (0.59-1.97 mmol/g) reported for bespoke Al-substituted 11 Å tobermorites [28, 29, 38, 41] . Furthermore, tobermorite synthesized from coal fly ash is 0.53 mmol/g adsorbent [42] . Therefore, a maximum adsorption capacity of 0.51 mmol/g is comparable to that obtained from coal fly ash. 0.986 Figure 6 illustrates the adsorption of Cs + by the product during the reaction at 25, 35 and 45°C. The slopes of the lines joining the data points in the figure reflect the adsorption rates. For all temperatures, the amount of adsorbed Cs + increases rapidly and reaches an equilibrium value after 15 min. With decreasing solution temperature, the amount of Cs + adsorption is higher. Short adsorption times are favored for minimum energy consumption and the product is therefore efficient for Cs + removal when its very satisfactory short adsorption time is considered. The kinetic results obtained from batch experiments were analyzed using different kinetics models such as the Lagergren pseudo-first-order [43, 44] and pseudo-second-order models [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . The Lagergren pseudo-first-order model is given by:
where qt is the amount of Cs + adsorbed on the product at any time (mmol of Cs + /g product) and k1 is the adsorption rate constant (min -1 ). A linear plot of ln(qe -qt) against t gives the slope = k1 and intercept = ln(qe).
The equation that describes the pseudo-second-order model is given by the following linear form:
where k2 is the adsorption rate constant (g/mmol min). k2 and qe are found from the intercept and slope of the plot of t/qt vs. t so that qe = 1/slope and k2 = slope 2 /intercept. The rate constants of the pseudo-firstorder, k1, and pseudo-second-order reactions, k2, for Cs + adsorption were determined from Figure 6 and the values of k1, k2, R 2 (i.e. the linear correlation coefficient) and qe (i.e. qe, 1 and qe, 2) are set out in Table 4 . From the R 2 values it follows that the experimental data fit the pseudo-second-order model better than the pseudo-first-order model, which indicates that the adsorption process is second-order. It is evident that qe, 2 and k2 are dependent on temperature. To gain insight into the thermodynamic nature of the adsorption process, several thermodynamic parameters were calculated. The Gibbs free energy change, ΔG°, is negative, and the free energy of the adsorption reaction is given by the following equation:
where Kc is the adsorption equilibrium constant, R is the gas constant (8.314 J/(mol · K)) and T is the absolute temperature (K). Kc can be calculated from:
where Fe is the fraction of Cs + adsorbed at equilibrium and is obtained by the expression: (9) where C0 and Ce are the initial and equilibrium concentrations of Cs + in solution (mmol/L).
Kc for the adsorption of Cs + on the product was calculated at different temperatures and at equilibrium using Equations (8) and (9) . The variation of Kc with temperature, as summarized in Table 5 , showed that Kc decreased with increase in adsorption temperature, implying a strengthening of adsorbate-adsorbent interactions at lower temperature. Also, the obtained negative values of ΔG° confirm the feasibility of the process and the spontaneous nature of the adsorption process.
The Gibbs free energy can be represented as follows:
The enthalpy (ΔH°) and entropy (ΔS°) change calculated from the intercept and slope of the plot of ΔG° versus T are also given in Table 5 . The change in ΔH° was found to be negative, confirming the exothermic nature of the adsorption process. The negative values of entropy (ΔS°) show the decreased randomness at the solid/solution interface with some structural changes in the adsorbate and adsorbent. The selective removal of Cs + in saline water using the product was shown in Fig. 7 . In distilled water with Cs + ion, the removal of Cs + indicates approximately 90 %, and in the solution diluted 1/100 and 1/1000 seawater, those are almost same value, while those in seawater and the solution diluted 1/10 seawater are 20 % and 65 %, which were lower than those in distilled water. Therefore, the product can selectively remove Cs + from river water and brackish water. 
Conclusion
We attempted to synthesize a tobermorite material from the ash after treatment of asbesto-containing disaster waste by hydrothermal treatment, and determined the Cs + adsorption ability of the product. Tobermorite can be synthesized from the ash using hydrothermal treatment, and the product containing tobermorite displayed the highest Cs + adsorption ability. The product has high selectivity for Cs + removal from saline water. The Langmuir and Freundlich adsorption isotherms were applied to equilibrium data, and the data were found to fit the Langmuir model. The maximum adsorption capacity of the product, as calculated from the Langmuir model, is 0.51 mmol/g. The Cs + adsorption kinetics from aqueous solution follows the pseudo-second-order model. The solution temperature influences Cs + adsorption; adsorption increased with a decrease in solution temperature. Cs + adsorption using the product is an exothermic and spontaneous process.
